Abstract: This paper researches on modeling and path following for wheeled mobile robot. The proposed approach of kinematic modeling based on recursive kinematic propagation (RKP) simplifies the derivation of relevant Jacobians and also provides the solution for general cases. The kinematic model can be implemented recursively using a single formula that applies to all cases. The algorithm of path following with compensating slip proposed can compensate the path error effectively by compensating sideslip, wheel slip and steering slip of the wheeled mobile robot. The proposed approach and algorithm have been verified by simulation.
Introduction
Research on mobile robots has been a tremendous growth in the past ten years. Wheeled mobile robots (WMRs) are being widely used in such diverse applications as rescue operations, military missions, and planetary explorations. Kinematics modeling and path following for wheeled mobile robots are required for navigation and motion control. Many methods for modeling a wheeled mobile robot has been proposed. Velocity approach models the robot using the relationship of multi-rigid body locomotion. This method is commonly applied into planar mobile robots [3] . Geometric method models the robot's kinematics using the geometric constrains of multi-rigid [9] . Coordinate transformation is firstly introduced by Muir and Neuman based on the analysis of the multi chain and closed characters of a wheeled mobile robot [15] . However, the procedure of this method is tedious because of the derivation of the transformation matrix. Also, many methods for path following are proposed. Slotine and Sastry proposed a tracking control of nonlinear systems in sliding surface [20] . Bloch and Drakunov proposed a sliding mode control law for stabilizing a nonholonomic system expressed in chained form, and extended their work to path following problems [1] . Jung-Min Yang and Jong-Hwan Kim proposed a sliding mode control for path following [10] .
Kinematic models are as fundamental to wheeled mobile robots (WMRs) as they are to manipulators. In the case of WMRs, the form of linear and angular velocity relationships are taken rather than position and orientation relationships. A technique is proposed in this paper that easily supports the expression of both motion and constraints. As there will be a variety of slip in the process of the WMRs running, it leads to deviation of its travel path. In order to improve the accuracy of the path following of wheeled mobile robot slip effectively, a path following algorithm with compensating slip has been proposed.
Kinematic modeling

Transformation of states of motion
The transport theorem is used in here which relates the time derivatives of the same vector of two frames in relative motion. Two kinds of notation for vectors will be used. 
The velocity measurements are related by
The acceleration measurements are related by
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Consider of the case for a manipulator, WMR can be considered as a set of frames moving with respect to each other like articulation of manipulator. Each sequence progresses from the vehicle body frame traversing any degrees of freedom to end at a contact point on a wheel. In this view, the kinematic chain from the body to the wheel is equivalent to the chain from the manipulator base to the end effecter. In arbitrary kinematic chains, we can simply replace frame f with frame k and frame m with frame k + 1. And the formula (2), (3), and (4) becomes
Matrix form 1 1
Where u u u and u is usual skew symmetric cross-product matrix.
Forward and inverse kinematics
Let w v V x represent the linear and angular velocity of the vehicle, represent the remaining articulation degrees of freedom, and represent the velocity of the contact point with respect to the wheel. Now, the general form of the velocity kinematics expresses the fact that the wheel velocity depends on the gross motion of the robot, the articulations, and the motion of the contact point. There are two Jacobians involved and they depend on the articulations:
Forward kinematics shows how measured motions of the wheels translate into equivalent motions of the robot. Forward kinematics which is used in estimation and prediction determines body velocity with given wheel velocity. So is known, and rewrite formula (7) as
Inverse kinematics shows how desired motions of the robot translate into equivalent motions of the wheels. Formula (7) can be used here directly as inverse kinematics which is used in control. Inverse kinematics determines the state of motion of contact point with given state of the body. 
Velocity kinematics with steered wheels
In the case of steered wheels shown in figure 1 , there are four frames: world, vehicle body, steering, and contact point. We will denote velocity formula in formula (6) as As can be seen in Figure 2 , a valid path following algorithm enables wheeled mobile robot driving along the planned route for wheeled mobile robot path following control, namely, make the two parameters distance error e l and heading angle error e tend to zero. Therefore, in order to meet this requirement and combine the formula (15), this paper established two control laws as the formula (16) , , , , ,
Because of the control law in formula (16) 
. Formula (18) and (19) shows that Without using control law, because of steering slip, wheel slip and sideslip, the wheeled mobile robot significantly offset the reference path in process of moving. When using path following algorithm with compensating slip to compensate the slip in process of moving, the wheeled mobile robot can basically follow the reference path. It indicates the path following algorithm is effective.
Fig7: Velocity transform verification
The figure 7 shows comparison of contact point velocities and numerical derivatives. Numerical derivatives are widely spaced so that the continuous solution is visible underneath. We drove all of the degrees of freedom with sinusoids of random amplitudes and phases. As expected, the results for arbitrarily chosen terrain show that the velocity formulas match the numerical derivatives to numerical round-off error. In the figure, the average velocity of the body is subtracted out in order to show that the finer effects of articulation are correctly computed. The contact point velocities have no component in the y direction of the body frame except when they are on the front wheels during steering. Because the match is essentially exact, numerical derivatives are widely spaced in order to be able to see our solutions underneath.
Conclusion
The solution of wheeled mobile robot kinematics is formulated using the transport theorem. The approach simplifies the derivation of relevant Jacobians and also providing the solution for general cases including rolling terrain and improves the efficiency of kinematic model of wheeled mobile robot. Path following algorithm with compensating slip bases on the nonholonomic constraints of the kinematics model, combining with a non -linear control law, can reduce the position and course error. The algorithm can compensate the path error effectively by compensating sideslip, wheel slip and steering slip of the wheeled mobile robot and also improve the accuracy of the path following.
